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Abstract

:

About 75% energy demand and emissions all concentrate in urban areas, especially in the metropolises, placing a heavy burden on both the energy supply system and the environment system. To explore low emission pathways and provide policy recommendations for the Shanghai energy system and the environmental system to reach the carbon dioxide (CO2) peak by 2030 and attain emission reduction targets for local air pollutants (LAPs), a regional energy–environment optimization model was developed in this study, considering system costs, socio-economic development and technology. To verify the reliability of the model simulation and evaluate the model risk, a historical scenario was defined to calculate the emissions for 2004–2014, and the data were compared with the bottom-up emission inventory results. By considering four scenarios, we simulated the energy consumption and emissions in the period of 2020–2030 from the perspective of energy policies, economic measures and technology updates. We found that CO2 emissions might exceed the amount of 250 million tons by the end of 2020 under the current policy, and carbon tax with a price of 40 CNY per ton of carbon dioxide is an imperative measure to lower carbon emissions. Under the constraints, the emissions amount of SO2, NOx, PM10, and PM2.5 will be reduced by 95.3–180.8, 207.8–357.1, 149.4–274.5, and 59.5–119.8 Kt in 2030, respectively.
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1. Introduction


China has already surpassed the United States to top the list of countries in terms of energy consumption worldwide [1], with a total energy consumption amount of 4.83 billion tons of coal equivalent (tce), accounting for 23.4% of global energy consumption in 2019 [1]. However, the extensive decades-long development in China has led to various consequences such as inefficient energy use, high energy intensity, and an unreasonable energy structure [2,3,4]. The huge energy demand and inefficient use produced a large amount of CO2 and local air pollutants (LAPs) emissions that far exceed the maximum environmental capacity, leading to regional air pollution issues and exacerbating global warming and climate change. According to statistics from the Bureau of Meteorology, the national average smog and haze days is 29.9 days, with regional haze pollution lasting up to 5–10 days under adverse weather in 2013 [5]. Exposure to outdoor PM2.5 and ozone results in over 821,000 premature deaths during the period from 1990 to 2017, making China the most vulnerable country in terms of economic impact [6]. In response to these challenges faced during the process of urbanization, the Chinese government has included a series of energy conservation and emission reduction targets in the Outline of the Five-Year Plan for National Economic and Social Development, starting from the 11th Five-Year Plan, and has also stated that CO2 emissions in China would reach its peak by 2030.



Cities are the main contributors of energy consumption, consuming about 75% of total energy consumption worldwide [7]. Studies in respect to CO2 emission inventories and LAPs emission inventories indicated that energy consumption contributes 80~90% of CO2 emission [7,8] and 38~80% of local air pollutants in a city [9,10,11,12]. Many studies evaluated the performance of policies promulgated by governments for the purpose of realizing dual control of energy demand and emissions from bottom-up and top-down perspectives by developing different model tools at regional and national levels [13,14,15,16]. The adoption of end-of-pipe treatment could help to significantly control the emissions of certain air pollutants, but a negative co-effect on carbon dioxide reduction and energy conservation was reported [17]. Energy policies, such as adjusting energy structure, improving energy efficiency and promoting industrial restructure, have made a decisive contribution for emission sources control and energy demand. However, when the energy structure and energy intensity reached a certain degree, the potential of energy policy for conservation reduced [18]. Meanwhile, Brown et al. found that the application of an emission fee could reduce the emissions, but emissions of certain pollutants, particularly volatile organic compounds (VOCs) and methane, sometimes increased when fees were applied [19]. Therefore, it is quite meaningful to explore the most cost-effective methods for the energy–environment system, with a specific focus on the development stage at the regional level, to ensure the energy demand and emission reduction targets can be simultaneously met in a specific city.



In previous studies, energy models have been extensively utilized to analyze the energy savings and energy-related greenhouse gas (GHG) emissions-reduction potentials of policies [20,21,22], but these studies have rarely been focused on the emissions of LAPs and the effects of policies on the co-benefits of GHG and LAPs emissions. In this paper, an integrated model framework, built on TIMES (the integrated MARKAL and EFOM Model), is developed to assess the policies on the energy and environmental systems. The TIMES model, the core of the framework, is proposed by the International Energy Agency’s Energy Technology Analysis Systems Program (ETSAP) and is based on the market allocation (MARKAL) model and energy flow optimization model (EFOM) for the optimization of energy systems [23]. By linearly optimizing the process of energy flows, the TIMES model minimizes the cost of discounted values across the energy system. The concept of cost includes the costs incurred in the application of energy technologies (such as investment costs, operation and maintenance costs). The model for policy planning can provide a guideline for improvements to the existing energy system optimizing efficiency. In the optimization process, the TIMES model has a forward-looking outlook that considers not only the existing energy technologies as well as advanced energy technologies, and can be effectively applied to the formulation of energy policies and planning of emerging energy technologies in the medium-to-long term.



In order to evaluate the impact of policies on the energy and the environment systems at a regional level and find the most effective way to meet both the energy demands and emission control targets, we developed the Regional Energy–Environment System Optimization model (REESO model) to simulate the energy consumption and CO2 and LAPs emissions under various policy scenarios. We selected Shanghai as the study region, as shown in Figure 1, the city in China with the highest energy consumption, which is now facing the dual pressure of insufficient energy supply and environmental pollution. The large amount of CO2 and LAPs emitted from fuel combustion challenge the atmospheric environment’s carrying capacity, and secondary pollutants generated by reactions such as ozone and PM2.5 have become the major pollutants affecting air quality in Shanghai [24]. Based on the Shanghai National Economic-Social Development Plan and other policies, different scenarios were modeled to simulate the possible trends in energy consumption and emissions in Shanghai. These results may provide a new approach for the prediction of carbon and LAPs emissions, and may also provide important data and support for action plans and programs to reduce emissions in Shanghai.




2. Background, Methodology and Data


2.1. Background of Energy Consumption Situation in Shanghai


Shanghai, the economic center of China, has a large population of over 24 million, and consumes the most energy in China. The city is also one of the regions that has the highest per capita carbon emissions level and energy consumption per capita GDP. In 2015, the total energy consumption in Shanghai reached 113 million tons of coal equivalent (Mtce) [25], which is more than double compared to 2000, far exceeding the energy consumption of Beijing (68.5 Mtce), Guangzhou (54.9 Mtce) [26], and Shenzhen. During the 10th Five-Year Plan period, the total energy consumption increased rapidly with an average annual growth rate of 8.4% due to the increasing demands of economic development. Five years later, during its 11th Five-Year Plan period, with the implementation of the energy saving and emission reduction policies, and with the advent of World Expo in Shanghai, the energy intensity in Shanghai was reduced significantly, which slowed down the total amount of energy consumption, while the average annual growth rate was still around 6.4%. In the 12th Five-Year Plan (FYP) period, given the background of the national economic transformation and the optimization of the industrial structure, the energy consumption in Shanghai showed negative growth for the first time in 2014, with an average annual growth rate of only 0.4%; the energy intensity has also reduced to about 0.45 tce per 10 thousand CNY [27].



In the total energy consumption of Shanghai, secondary industry accounted for the highest proportion, followed by tertiary industry and the residential sector, and primary industry occupied the smallest proportion during the period 2001–2017. After industrial structure optimization, the proportion of consumption of tertiary industry increased significantly. The energy consumption of secondary industry was still the largest, but both the growth rate and proportion have decreased markedly. The total volume and consumption share of the primary industry have shown a decreasing trend, occupying 0.62% in 2014 [27]. Conversely, the proportion of energy consumption in the residential sector continued to increase.



As shown in Figure 2, fossil-fuel-based energy occupied a large proportion of the primary energy consumption of Shanghai, with 95% in 2004; by 2014, it decreased by 13%, accounting for 82%. The proportion of coal decreased most obviously from 56% in 2004 to 38% in 2014, which benefited from the “Decreasing Coal” energy structure adjustment policy. Crude oil consumption in Shanghai showed an overall fluctuating upward tendency; its proportion was around 36–40%. The proportion of clean energy, such as natural gas and electricity, has increased considerably. The ratio of natural gas rose from 1.93% in 2004 to 9.82% in 2014, and the average annual growth rate of its consumption was 21%. Due to the lack of local primary energy sources, imported electricity from nearby regions increased significantly with the increase in local energy demand, the proportion of which increased by 6.2% in the past decade, reaching 8.2%.




2.2. Model Structure


The REESO model was developed in this study, as shown in Figure 3. Built on the TIMES model, REESO is a target-oriented optimization model for the energy–environment system that analyzes and forecasts energy demand and its related CO2 and LAPs emissions under alternative strategies. The model has energy demand, energy-using and emission modules. The energy demand module forecasts the end-use energy service demands considering economic factors, population, energy prices, etc. It acts as the input of the TIMES model, which is the core of the energy-using system module. The emissions module includes the energy related emissions of CO2 and LAPs (refer to SO2, NOx, PM10, PM2.5 in this study).



2.2.1. Energy Demand Module


The energy demand module, as the driver of the Shanghai-TIMES module, covers four major end-use energy consumption sectors: the industrial, commercial, transportation, and residential sectors. Since the agricultural sector only accounted for 0.62% of the energy consumption in 2014, and a continuous tendency to decline has been observed, the agricultural sector was excluded in this model. Based on the department analysis method and the characteristics of energy consumption in the end-use energy sector, we adopted different energy forecasting methods to predict the future energy demand for each terminal energy sector. For the residential and commercial sectors, we utilized the multi-factor co-integration regression. Referring to the studies of the World Bank and other agencies, a regression relationship exists between the regional traffic volume and its per capita GDP. Therefore, a traditional regression analysis method was adopted to predict the freight and passenger volumes in the transportation sector. As for the industrial sector, the chemical and iron and steel industries adopted the energy consumption per unit product and other industries adopted the energy elasticity coefficient method.




2.2.2. Shanghai-TIMES Module


Based on the Reference Energy System, the TIMES model builds an energy flow diagram that includes various energy extraction, processing, conversion and distribution, and end-use applications to provide an exhaustive description of real-world energy systems. The Shanghai-TIMES models the energy system in terms of its supply sector, power generation sector and the demand sectors, covering 88 types of energy-using technologies.



Supply Sector


The supply sector contains the indigenous energy production and exogenous import and export. In the Shanghai-TIMES model, the supply side encompasses 17 kinds of energy carriers, including primary energy such as coal, natural gas, oil, wind, and solar; and secondary energy such as coke, coke oven gas, other coking products, gasoline oil, kerosene oil, fuel oil, diesel oil, liquefied petroleum gas (LPG), compressed natural gas (CNG), liquefied natural gas (LNG), electricity and heat. Shanghai owns a certain proportion of the secondary energy processing industry, mainly referring to 12 kinds of energy processing technologies, including 7 technologies for crude oil refining and 3 technologies for hard coal processing, which convert natural gas to CNG and LNG to natural gas, respectively. The fuel prices and primary energy supply potentials are viewed as key inputs to the supply sector.




Power Generation Sector


The Shanghai-TIMES model defines 14 power plant technologies to represent current and future power generation capacities. According to the energy types, these technologies are categorized as follows:




	
Coal-fired power plant: small coal-fired power plant, subcritical coal-fired plant, supercritical coal-fired plant (SCPC), ultra-supercritical power plant (USCPC) and Integrated Gasification Combined Cycle power plant (IGCC).



	
Oil-fired power plant: fuel includes fuel oil and diesel oil.



	
Natural gas power plant: Open Cycle Gas Turbine power plant (OCGT) and Combined Cycle Gas Turbine (CCGT) power plants.



	
Dual fuel power plant: fuel includes oil and natural gas.



	
Renewable power plant: wind power plant and solar power plant.









Demand Sectors


According to the consumption situation in Shanghai, the end-use energy demand sectors comprise the industrial, commercial, transportation, and residential sectors. The industry sector covers the top 10 most energy-consuming industries, namely the iron and steel, chemicals, oil processing, plastics, minerals, metals, general and special machinery, transport equipment, textile, and power and heat generation industries.





2.2.3. Emission Module


The emission module was set to calculate the energy related emissions of CO2 and LAPs in Shanghai, in which the technology-based emission factors database was built.



CO2 Emission


In this study, we used the sectoral approach to calculate CO2 emissions. The equations for calculating CO2 production is as follows:


    F L O   C  O 2    =  ∑   ∑     F L O   t , f , j    ∗  ε j  , C  O 2     



(1)






   ε j  , C  O 2  = C  C j  ∗  O j  ∗   44   12    



(2)




where     F L O   C  O 2      is the total emission of CO2;     F L O   t , f , j     is the activity data of technology t using fuel j in sector f;    ε j  , C  O 2    is the localized carbon emission factors of fuel j;   C  C j    is the qnet of fuel j,    O j    is the carbon oxidation rate of fuel j.



Carbon emission factors (Table S1) in this study mainly referred to the study on greenhouse gas inventory in China [28].




LAPs Emissions


To localize the emission factors of stationary combustion sources, we mainly referred to previous studies [5,11,12,29,30,31,32,33]; for the emission factors of mobile sources, we cited the research results of Cai et al. [34], as shown in Table S2.







3. Model Verification and Future Scenarios Definition


3.1. Historical Simulation and Model Verification


To verify the rationality of the model simulation and evaluate the risk of the model, we constructed a historical scenario to simulate the emission of CO2 and LAPs and compared its results with emission inventories. Since the detailed industry classification data in the years 2004, 2007, 2012, and 2014 were available in the Shanghai pollutant emission inventory, the corresponding time scale of the simulation of the historical scenario was set to the period of 2004–2014. The energy demand data in Shanghai-TIMES model were obtained from the Shanghai Energy Statistical Yearbook [27]. According to the planning policy objectives and the actual situation, the constraints of the historical scenario were defined as shown in Table 1.



3.1.1. CO2 Emissions


Table 2 reveals the simulated results of CO2 emission in the historical scenario. From 2004 to 2010, the emission of carbon dioxide in Shanghai increased sharply as energy consumption rose rapidly. During the 12th Five-Year period, a slow rise in CO2 emissions occurred. In 2014, the total energy consumption of Shanghai decreased, due to the effective implementation of the energy consumption control policy and the zero-growth in coal policy. CO2 emissions also declined in the same year. However, these findings were only short-term fluctuations in the energy system that resulted in a drop in CO2 emission, while it did not reach its peak. The power generation and the industrial sectors are the main sources of CO2 emissions, followed by the commercial and the transportation sectors. The proportion of CO2 emission in the power generation sector decreased by year, while CO2 emissions from the commercial and transportation sectors increased gradually, accounting for 11% and 7% of the total emissions, respectively, in 2014.



As shown in Figure 4, we compared the simulation results with data from other research. Our estimation of total CO2 emissions is 15.7% higher than the one estimated by Shan’s research [35], which referred to the China Emission Accounts and Datesets (CEADs) in 2014. The gap mainly came from the activity data sources. Compared with the studies conducted by Du [36], Zhao [37], and Liu [38], the simulated results were much closer for about 1.3–11%. In addition, Xie et al. [39] calculated CO2 emissions of Shanghai in 2007: 71.3 million tons from the power generation sector, 69.3 million tons from the industrial and construction sector, 4.05 million tons from the residential sector and 47.9 million tons from the transportation sector. The emission values from the above departments were similar to those of this study except for the transportation sector. In the calculation of carbon emission in the transportation sector, Xie et al. adopted the carbon footprint method, and included the CO2 emissions caused by energy consumption of aircraft and ocean ships, which were not considered in this study.




3.1.2. Local Air Pollutants Emissions


We calculated local air pollutants (SO2, NOx, PM10 and PM2.5), which are closely correlated to energy use. A comparison between historical simulation results and historical emission inventories is shown in Figure 5. Shanghai emission inventory data were mainly obtained from Wu (2004) [40], the Shanghai Institute of Environmental Sciences (2007, 2014), and the Shanghai Environmental Monitoring Center (2010, 2012). In addition, the statistical data were from the Yearbook in National Data [26]. According to the list of sources, this study excluded emissions that were not related to energy use, such as road dust, storage tanks, and agricultural production sources.



SO2 Emissions


In the simulation results, due to the installation of the desulphurization end-of-pipe treatment equipment, the energy-related SO2 emissions in Shanghai declined each year, from 509,000 tons in 2004 to 151,000 tons in 2014, which is consistent with emission inventory data, despite its lower total amount. SO2 emissions per the Shanghai Statistical Yearbook in 2014 were 188,000 tons, which is closer to the simulation results in this study.




NOx Emissions


With increasing of energy consumption, especially in oil consumption, NOx emissions increased each year. This trend was not mitigated until 2010 when the end-of-pipe denitrification equipment was installed, resulting in a fairly close result between the simulated and the inventory values for NOx emissions in 2010 and 2012. The simulated emission of NOx of 2014 was 436,000 tons, which was lower than the inventory-calculated value of 592,000 tons, but still higher than the value reported by National Statistics Data (332,000 tons). The simulated emission value gradually declined in emission after 2010, which agreed with the trend revealed by national statistical data. Comparing the 2004 and 2007 data, the simulated value and the inventory value differed, especially for 2004. The cause of the difference might be the use of different emission factors.




PM10 Emissions


Under the control of the terminal dust removal facilities, PM10 emissions decreased significantly in 2004–2010, then slightly increased in 2012, and decreased again in 2014. The overall change trend was consistent with that of the inventory values. The simulation results were between the inventory data and the national statistical values. Fu et al. [9] calculated that the PM10 emission in 2010 was 86,100 tons, which was close to the simulated value of 115,000 tons in this study.




PM2.5 Emissions


PM2.5 emissions decreased significantly between 2004 and 2007, and then slowly increased after 2007, and declined significantly from 2012 to 2014. The simulation values in 2010 were close to those of the inventory data. As for the emission of PM10 and PM2.5 in 2012, the inventory values were higher than that of the simulated values (72,600 tons), but the overall decline trends during the period 2012–2014 were identical.





3.1.3. Model Feasibility and Risk Evaluation


According to the analysis of the simulation results based on the historical scenario, we found that the model is feasible for the prediction of carbon dioxide, and local atmospheric pollutants emissions. As the core of framework, the TIMES model is based on the principle of attaining the lowest cost of the entire energy system, which might have a certain degree of limitation on the result. In the building of the REESO model, joint modeling is performed by other related economic and technical models, and exogenous parameters based on Shanghai energy system are assumed, such as the future development route of some alternative energy use technology, some traditional energy reserve market share, and so on, to obtain reliable basis. Using constrained scenarios, the model can produce an accurate simulation of the real energy system and environmental emissions, and is accurate for future prediction simulation.



By performing historical simulation using the REESO model, we verified that the model produces accurate simulation effects for CO2, SO2, NOx, PM10 and PM2.5. The risk of future simulation likely depends on the rationality of future scenario constraints. However, the accuracy of the exogenous model parameters affects the risk. To control the risk of the model, the future prediction of the model took 2010 as the base year, with the two calibrations for 2010 and 2015.





3.2. Scenerio Definitions


To simulate the energy system and emissions, as well as to explore the response of the energy and environmental systems in 2030 from policy, technology and costs perspectives, a Business-as-Usual (BAU) scenario and three policy scenarios were defined. The policy scenario considers all profound significances of policies and regulations that have taken effect, including Shanghai’s 13th Five-Year Plan, the Environmental Tax Law and the future development possibilities that include a carbon tax and bans on traditional fuel vehicles. These constraints categorize these issues into three components, namely the energy control policy (includes energy consumption control and structural adjusting), economic measures (mainly refers to environment tax and carbon tax), and technological measures (mainly includes renewable power generation and new energy vehicles). We quantified the relevant mentioned parameters based on the policies and regulations and defined three scenarios based on different implementation strengths: loose policy (LP) scenario, moderate policy (MP) scenario, and strict policy (SP) scenario.



3.2.1. BAU Scenario


In this scenario, it is assumed that the policies, as well as development trends in the energy system, related energy conservation and emission reduction technologies will maintain the situation as that at the end of 2015. On the energy supply side, the primary energy structure is not constrained, while the annual increase in the import electricity has an upper limit of 199 petajoules (PJ). In the energy conversion sector, the activity data and efficiency of power generation are based on the situation in 2010. The energy demand is consistent with the policy scenario.




3.2.2. Three Policy Scenarios


The three policy scenarios are defined in Table 3.



The parameters and contents of the MP scenario are consistent with the policies that have taken effect. The energy control policy parameters mainly refer to Shanghai’s 13th FYP, in which the total energy consumption is targeted to be no more than 125 million tce, whereas the proportion of coal usage in primary energy is expected to be 38% in 2020. Therefore, in MP policy scenario, the constraints in 2020 are the same as that of the Shanghai’s 13th FYP. Considering the historical growth, we assumed that the energy consumption will maintain an annual growth rate of less than 3.7% during the period 2020–2030, reaching 180 million tons in 2030, depicting a primary energy consumption pattern with less than 33% coal usage and more than 14% natural gas usage. The total energy consumption constraints in the LP scenario are defined as 135 million tons in 2020 and 200 million tons in 2030; in the SP scenario, the figures for the above constraints are controlled at 115 and 150 million tons, respectively.



In terms of economic measures focusing on environmental taxes, the Environmental Protection Tax Law of the People’s Republic of China, which was officially enacted at the beginning of 2018, stipulates that a “tax on behalf of fee” shall be levied. The applicable tax rate for air pollutants in Shanghai has been clearly defined, the price is shown in Table S3. Based on the tax threshold, the price will be adjusted once every five years. Each adjustment will impose an increase of 20% in the LP scenario, 40% in the MP scenario and 60% in the SP scenario. There is no agreement on whether to include carbon tax in the environmental tax and when it will take effect, but in the context of climate change, Shanghai, as a first-tier city, must achieve the goal of reaching its carbon emission peak by 2030.



For energy-saving technology, the development of new energy power generation technology and new-energy vehicles was mainly considered. The new round of energy conservation and environmental protection planning in Shanghai estimates that the proportion of new energy and clean energy buses will be more than 50% by 2020, whereas the installed capacity of wind power and photovoltaic power will reach the expected target of 1.4 and 0.8 million kilowatts, respectively. The Ministry of Industry and Information Technology has proposed that traditional fuel vehicles will be gradually withdrawn from the market. The change in energy technologies being used to power vehicles will significantly impact the emission of air pollutants in the transportation sector, especially on the reduction of nitrogen oxides, as well as on the consumption of oil products. In the LP scenario, the development of energy-saving technology was not set as a constraint.






4. Results and Analysis


4.1. Energy Consumption


The total energy consumption in Shanghai will increase over time in all four scenarios (see Table 4). Under the BAU scenario, energy consumption will reach 1.56 Mtce in 2020 and 2.03 Mtce in 2030. Due to the constraints imposed by the energy policy, the growth of energy consumption in three policy scenarios is significantly slower than that in the BAU scenario. Total energy consumption is 1.34 Mtce (2020) and 1.86 Mtce (2030) under the LP scenario, 1.24 Mtce (2020) and 1.76 Mtce (2030) under the MP scenario, 1.19 Mtce (2020) and 1.62 Mtce (2030) under the SP scenario.



Compared with the BAU scenario, the policy scenarios can effectively control the increase in the terminal energy demand by implementing energy constraint policies, economic means, and technology updates to achieve total amount control. In the period of 2020–2025, the growth rate of energy conversation in the MP scenario is higher than that of the SP scenario, which means that the marginal benefits of policies and measures under the MP scenario are more evident.



The structure of the future energy demand in Shanghai by major end-use carriers is shown in Figure 6 under the four scenarios in 2020, 2025, and 2030. Because the BAU scenario is not subject to energy policy constraints, driven by the price of energy and technology, the lower-priced coal products will be the prioritized selection for fuel, and higher-priced oil products will become obsolete. The comparison of natural gas consumption in the different scenarios before 2030 revealed the ranking as follows: BAU > SP > MP > LP. The total consumption in the BAU scenario is relatively high; natural gas consumption in 2020 will be 75 PJ more than that in the SP scenario. By 2030, the natural gas consumption of the SP scenario will be 593 PJ higher than that of the BAU scenario, and BAU scenario still consumes more natural gas than under the MP and LP scenarios. The proportion of terminal electricity consumption to total energy consumption is strictly controlled. The proportion of electricity under the SP scenario is significantly higher than that of the other scenarios. The high carbon tax and environmental tax in the SP scenario encourage the industrial sector to choose electricity as the terminal energy because of more stringent energy conservation technology replacement, especially in the transportation sector.




4.2. CO2 Emissions


The simulation results of CO2 emission under the different scenarios are shown in Table 5.



In the BAU, LP and MP scenarios, the total amount of carbon dioxide emission continues to increase, and can hardly reach its peak by 2030. The peak only occurs under the SP by 2030, and the peak carbon emissions is 253.35 Mt. The MP scenario was defined in accordance with the planning constraints of 13th Five-Year Plan, with the carbon tax control means added. However, according to the results of the model calculation, the emission of carbon dioxide in Shanghai in 2020 is 2.58 million tons under the MP, surpassing the goal of CO2 emission control, which is 2.5 million tons. Therefore, during the implementation of the 13th Five-Year Plan, the executive departments must calculate the annual inventory calculations of CO2 emissions, adjust the energy system and quickly formulate more stringent emission reduction measures. Under the SP, the total carbon dioxide emission in 2020 amounts to 2.26 billion tons, reaching the target of CO2 control in the 13th Five-Year Plan.



From the perspective of sectoral emissions, the constraints of the policy scenario have an obvious effect on emission reductions of the power generation sector. The emission reductions of the power sector under the SP, MP and LP scenarios in 2030 are 129.38, 95.74, and 64.05 million tons respectively, with proportions of 63.2%, 46.7%, and 31.3%, respectively. With the implementation of economic measures and related policies, the power generation sector will be inclined to choose low-emission IGCC and CHP technology, which are conducive to the reduction of carbon dioxide and air pollutants. Under the SP scenario, the CO2 emission reduction of the transportation sector is the most significant. In 2030, the emissions from transportation sector in the SP scenario is reduced by 40.6% compared with BAU scenario, whereas those for the MP and the LP scenarios are respectively reduced by 19% and 20%. In the three policy scenarios, the reductions in CO2 emissions from the industrial sector are lower than in the electricity and transportation sectors, with 22% under the SP, 18.4% under the MP, and 8.8% under the LP in 2030. The proportion of CO2 emission reductions from the commercial sector in the three policy scenarios are ranked as follows: SP (39.1%) > MP (23.2%) > LP (22.4%). From the ratio of emission reductions, we found that the reduction effect in the commercial sector under the MP is not significant compared with the LP, which has only increased by 1%. Since taxes such as environmental taxes, carbon taxes, etc., were not imposed on the commercial sector in the scenario setting, the slight increases in energy consumption and structural control will have little impact on the current energy consumption system in the commercial sector of Shanghai.



However, when the total consumption volume is strictly controlled and the proportion of coal consumption reaches the level of the international energy consumption structure, the effect of carbon dioxide emission reduction in the commercial sector can become very obvious. In terms of residential sector, the carbon dioxide emission reduction ratios under the LP and MP scenarios in 2030 are 40% and 51%, respectively, and the proportion of emission reductions in strict control scenario is 29.5%.




4.3. LAPs Emissions


The simulation results of emissions of the local air pollutants SO2, NOx, PM10, and PM2.5 under the different scenarios are shown in the Table 6.



4.3.1. SO2 Emissions


According to Figure 7a, under the LP scenario, the trend in SO2 emission is consistent with that in BAU scenario, decreasing during the period from 2020 to 2025 and then increasing. The total emission of SO2 continues to decline in the MP and SP scenarios, reaching 99.4 and 78.3 kilotons in 2030, respectively. Compared with BAU scenario, SO2 emission reduction of the LP scenario is obvious, with a reduction of 39.5 Kt in 2030. The largest emission reduction is seen in the power generation sector. In the LP, the emission reduction ratios of the residential, power generation, industrial, transportation, and commercial sectors in 2030 are 80.4%, 45.8%, 27.6%, 20.4%, and 15.7%, respectively, demonstrating that the energy policy constraints have an obvious effect on the emission reduction of SO2 in both the power generation and residential sectors. With strict control of the proportion of coal consumption, the emissions in the power generation sector decrease significantly with the increasingly strict constraints. The emission reduction rate in 2030 will reach 76.4% in LP and 97.4% in SP, compared to the BAU. In addition, the emission reduction rate in the residential sector reaches 97.3%, with the emission of 800 tons, which is close to saturation under the LP and SP scenarios.




4.3.2. NOx Emissions


As shown in Figure 7b, the total NOx emission under the BAU scenario increases quickly during the period from 2020 to 2030, mainly produced by the industrial sector, the transportation and the power generation sectors. Under the LP, the change in NOx emissions is relatively stable. In the transportation sector, since the new-energy vehicles are not mandated, the quantity of traditional-fuel vehicles still outnumbers its new-energy counterparts due to costs, resulting in the continuous growth of NOx emission. Compared with the BAU, the LP scenario, with a constraint on the energy policy, estimates a significant emission reduction in the energy consumption sectors, among which the industrial sector has the largest emission reduction (102.2 kilotons), while the power generation sector has the highest emission reduction rate in 2030 (68.6%), followed by the industrial sector (55.5%), the residential sector (27.1%), the commercial sector (18.9%), and the transportation sector (12.4%).



Under the MP and SP scenarios, the emissions of NOx will continue to decline. In the transportation sector, the NOx emissions show a continuous descending trend, while its emission reduction rate increases to 86.6% compared with that under the BAU. The findings proved that the increase in the number of new energy buses will play a significant role in the NOx emissions of the transportation sector. In addition, significantly more NOx under the MP is emitted from the industrial sector than that under the LP, which is possibly explained by the energy structure. As the consumption of compressed natural gas and electricity in the transportation sector increases, given the limited energy supply capacity, oil will be the main energy source for industry.




4.3.3. PM10 Emissions


The total emissions of PM10 under the BAU and LP scenarios increase at an average annual growth rates of 3.5% and 2.7% respectively, while that under the MP and SP scenarios show a continuous decline (Figure 7c). The emission reduction is mainly due to the power generation sector; compared with the BAU scenario, the reductions under the LP, MP, and SP are 48.9, 81.8, and 115.9 kilotons in 2030, respectively.



PM10 emissions from the industrial sector show a trend of gradual decline under all scenarios. Under the LP scenario, PM10 emissions of industrial sector in 2025 will be significantly lower compared with 2020 due to further adjustment of the energy structure. Under the SP, PM10 emissions of the industrial sector reduce at an average annual rate of 1.9%, and the emission reduction from the baseline scenario reaches 55.9 kilotons in 2030. Under the MP and SP scenarios with the new-energy vehicle replacement policy, the PM10 emissions of the transportation sector significantly reduce, and the emission reduction compared to the BAU scenario in 2030 is 60.7 and 62.5 kilotons, respectively. The emission reduction of the service sector reaches saturation in 2030 under the MP. Even if the control policy is strengthened, achieving a good emission reduction effect will be difficult.




4.3.4. PM2.5 Emissions


According to Figure 7d, the total emission of PM2.5 gradually increases under the BAU, LP, and MP scenarios, with an average annual growth rate of 3.2%, 2.8%, and 0.3%, respectively. Under the SP scenario, PM2.5 emissions fluctuate steadily after falling.



Adopting stricter policies than that in the LP scenario will help the power generation sector to reduce PM2.5 emissions. The MP scenario can reduce PM2.5 emissions up to 41.6 kilotons compared with the LP scenario, while SP scenario only produces a 3.9 kiloton reduction compared with the MP scenario. The reduction rates of PM2.5 in the industrial sector under LP, MP, and SP scenarios in 2030 are 52.9%, 62.3%, and 76.5%, respectively, compared to the BAU. PM2.5 emissions from transportation sector increase each year under the BAU, LP, and MP scenarios, and decrease each year after the introduction of new-energy vehicles under the SP. From the reduction of PM2.5 emissions in the transportation sector under the LP compared to the BAU, the energy structure constraints in 2015 and the higher-than-planned total energy consumption control have no obvious effect on the reduction in PM2.5 emissions from the transportation sector. The emission reduction rate under the BAU scenario is only 4.7% (2030). The introduction of new-energy vehicles under the SP scenario will reduce the future PM2.5 emissions from the transportation sector by 32.9 kilotons in 2030 compared with the BAU scenario. The planned PM2.5 emission reduction of clean energy buses will reach 25.5 kilotons.





4.4. Contributions of the Energy-use Sectors to Emission Reductions of LAPs and CO2


We used the formula 3 to calculate the contribution rate of the energy-use sectors to emission reductions to identify primary sectors that can promote the synergistic emission reductions. The results are shown in Table 7.


   R  S , d , i   = Δ  E  S , d , i   / Δ  E  S , i    



(3)




where    R  S , d , i     is the contribution rate of energy-use sectors to emission reductions, %;   Δ  E  S , d , i     is the relative emission reduction of gas i in sector d in scenario S relative to the BAU scenario, Kt or Mt,   Δ  E  S , i     is the relative emission reduction of gas i in scenario S relative to the BAU scenario, Kt or Mt.



It can be seen from the results that the power generation sector contributes the most to the synergistic emission reduction of CO2, SO2, and NOx. The contribution rate of emission reduction in 2030 is 60~62%, 41~46% and 36~43%, respectively. In addition, the power generation sector will make the main contribution to NOx emission reduction in 2020, with an emission reduction contribution rate of 41~49%. With the development of alternative technologies in the sector, the emission reduction contribution rate will drop to 25~34% and the industrial sector has a significant effect on the emission reductions of NOx, PM2.5, and SO2. With the deepening of structural adjustments, the contribution rate of the industrial sector to NOx reduction will rise from 8~15% in 2020 to 30~49%. The transportation sector has the highest contribution to NOx emission reduction, reaching 34% in 2030. The emission reduction contribution of the commercial sector is mainly reflected in PM10 and SO2, whereas that of the residential sector is mainly reflected in PM2.5 and SO2.





5. Discussion


5.1. Scenarios Constraints Generate the Emission Reductions


The constraint parameters of energy policies, economic measures, and energy-saving technologies are defined in three policy scenarios. Energy policies effectively promote the emission reduction of air pollutants by facilitating technological upgrades within the power generation sector, adjusting the energy structure in the industrial and commercial sectors, and improving energy efficiency. According to the technology development curve, the cost of supercritical and ultra-supercritical technologies with higher energy efficiency and lower emission will decrease in the future. Therefore, the installed capacity of supercritical and ultra-supercritical units in power generation sector increases driven by the cost, leading to a decrease in the emission of LAPs and CO2. Economic measures have a certain degree of effect on the emissions reduction of carbon dioxide and air pollutants by increasing the cost of using energy, thus promoting all relevant sectors to choose energy-saving technologies. However, due to the limited energy supply and the increased consumption of electricity and natural gas in the transportation sector, the industrial sector will mainly adopt oil as the main source of energy, which might lead to increases in the emissions of nitrogen oxides in the industrial sector.



The MP scenario, which is close to the goal in the Shanghai’s 13th Five-Year Plan, was adopted to simulate the future development of energy in Shanghai. The results revealed that under the current policies, the emissions of carbon dioxide might not reach the target of less than 250 million tons in 2020. Therefore, during the implementation of the 13th Five-Year Plan, the executive department needs to calculate the carbon dioxide emissions on a yearly basis, adjust the energy system structure in time, and formulate more stringent emission reduction action plans. Under the SP, the total amount of carbon dioxide emissions can obtain the goal of reaching the peak before 2030. Including carbon tax in environmental tax might be an imperative measure to lower carbon emission. The tax threshold for carbon tax is suggested to be 40 CNY per ton of carbon dioxide, with an annual growth rate of 10% or higher.




5.2. Low-Emission Pathways for the Energy and Environment System Development


The total energy consumption of Shanghai is rather excessive and shows an upward trend. From the perspectives of energy security and health impact, more stringent policies need to be effectively implemented to control the energy consumption and emissions by intensifying the adjustment of the energy structure, as well as increasing the proportion of renewable energy consumption in the energy consumption structure. Specific measures can be optimized through discussion to promote sustainable development in Shanghai.



For planning of the power generation sector, we recommend increasing the proportion of the installed capacity of wind power and photovoltaic power in the power system, gradually eliminating small coal-fired boilers, and adding ultra-supercritical units and IGCC units to meet the demand for renewable electricity. In 2030, the installed capacities of wind and photovoltaic power generators are suggested to reach 1.8 and 1.2 million KW, respectively. Through technological substitution, the power generation sector can play a very good collaborative role in reducing CO2, SO2, PM10, and PM2.5.



For the industrial sector, according to the simulation results, the terminal energy consumption ratio of the future industrial sector still ranks first and oil products become the main fuel due to the limited power supply. To control the increase in the total energy consumption, Shanghai needs to control the layout of the future industries, gradually phase out some industries with high energy consumption and high pollution, and gradually reduce the consumption of the steel industry. The industrial sector needs to control its proportion of oil products and more efficient technologies should be adopted to reduce the emissions of SO2, NOx.



For transportation sector, the introduction of new-energy buses and vehicles helps to further reduce the emission of NOx, PM2.5, and PM10 in the transportation sector. The emission reductions of NOx, PM2.5, and PM10 in the transportation sector in 2030 are 122,100, 32,900, and 62,500 tons, respectively. The proportion of new energy buses and vehicles should continue to expand to the level defined in the SP.



For the residential and commercial sectors, energy policies play a significant role in reducing emissions in these two sectors, and the constraints of economic measures and energy-saving technologies have no direct effect on emission reductions. Under the BAU and LP scenarios, residential PM10 emissions will be distributed at annual growth rates of 9% and 7%, respectively. Under the MP and SP scenarios, the emissions first increase and then decrease, and the decrease is significant compared with the LP, indicating that the strict energy policy produces and effective control effect on the PM10 emissions of the residential sector. However, the PM10 and PM2.5 emission reductions in the SP are not obvious compared with the MP. After the strictness of the policy reaches that of the MP, it is difficult to further reduce the total amount of PM2.5 emissions from the commercial sector.





6. Conclusions


This study established a regional energy consumption model, the REESO model, to simulate the future energy consumption and the emissions of carbon dioxide and major local air pollutants under different policy scenarios from 2020 to 2030 for Shanghai. The simulated results based on the historical scenario confirmed the feasibility and validity of the model. Combined with the emission reduction analysis, the policy recommendations for the future development of Shanghai were introduced with the aim of optimizing the energy system and the environment. The main conclusions are as follows:




	(1)

	
The energy consumption will reach 2.03 Mtce in 2030 with the average annual growth rate of 3.81% under the BAU. Additionally, the defined policy scenarios (LP, MP, SP) consume 8.23%, 13.24%, and 20.39% lower energy consumption in 2030, respectively, compared with the BAU.




	(2)

	
The CO2 emissions in the BAU, LP, MP, SP will reach 349.32, 289.88, 258.57 and 226.12 Mt in 2020, respectively, and 465.32, 359.97, 312.69, and 253.35 Mt in 2030, respectively. From the predicted results of the MP, there is a possibility that the emission of carbon dioxide could not be able to realize the target of less than 250 million tons in 2020 under the current policies. Furthermore, only in the SP scenario, the total amount of carbon dioxide emission can obtain the goal of reaching the peak by 2030. The implementation of a carbon tax might be an imperative measure to lower carbon emission. The carbon tax threshold is suggested to be 40 CNY per ton of carbon dioxide, with an annual growth rate of 10% or higher.




	(3)

	
The emissions of SO2, NOx, PM10, and PM2.5 are 259.1, 514.9, 347.0, and 176.6 Kt in 2030 under the BAU, respectively. With the constraints of energy policies, economic measures and technology updates, the emissions amount of SO2, NOx, PM10, and PM2.5 will be reduced by 95.3–180.8, 207.8–357.1, 149.4–274.5, and 59.5–119.8 Kt in 2030, respectively.




	(4)

	
Considering the socio-economic development, the policies proposed in the MP could meet the required targets in the short term, and stricter policies proposed in the SP are recommended to be implemented in the medium-term.




	(5)

	
The power generation sector contributes the most to the synergistic emission reduction of CO2, SO2, and NOx, and the industrial sector has a significant effect on the emission reductions of NOx, PM2.5, and SO2. The transportation sector has the highest contribution to NOx emission reduction, reaching 34% in 2030. The emission reduction contribution of the commercial sector is mainly reflected in PM10 and SO2, whereas that of the residential sector is mainly reflected in PM2.5 and SO2.









It should be noted that the REESO model only considered the energy-related emissions and process emission of steelmaking, coking and refining. The other process-related emissions should be taken into account in future analysis.
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The following abbreviations are used in this manuscript.



	tce
	Tons of coal equivalent



	LPG
	Liquefied petroleum gas



	CNG
	Compressed natural gas



	LNG
	Liquefied natural gas



	CHP
	Combined heat and power



	SCPC
	Supercritical coal-fired plant



	USCPC
	Ultra-supercritical power plant



	IGCC
	Integrated gasification combined cycle



	OCGT
	Open cycle gas turbine



	FGD
	Flue gas desulfurization



	LGV
	Light goods vehicles



	HGV
	Heavy goods vehicles
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Figure 1. Research area. 
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Figure 2. The primary energy consumption in Shanghai during the period from 2004 to 2017. Date source: Shanghai Statistical Yearbook [25]; Shanghai Statistical Yearbook on Energy 2015 [27]. 
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Figure 3. The framework of the Regional Energy–Environment System Optimization (REESO) model. 
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Figure 4. CO2 emission comparison of different sources. Data source: emission estimated by Shan’s research [35], emission estimated by Du’s research [36], emission estimated by Zhao’s research [37], and emission estimated by Liu’s research [38]. 
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Figure 5. The comparison of local air pollutants simulation results and emission inventory data. (a) SO2 (b) NOx (c) PM10 (d) PM2.5. 
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Figure 6. The proportion of final energy consumption by fuel type. 
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Figure 7. LAPs emissions of energy consumption sectors under different scenarios. 
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Table 1. Historical scenario constraints.
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	Year
	2007
	2010
	2012
	2014





	The ratio of coal (%)
	58
	50
	48
	45



	The ratio of natural gas (%)
	5
	8
	10
	12



	Minimum installed capacity of ultra-supercritical (GW)
	0
	5.2
	5.2
	5.2
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Table 2. The results of carbon dioxide emission based on a historical scenario (unit: Mt).
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Sector

	
Year




	

	
2004

	
2007

	
2010

	
2012

	
2014






	
Power generation

	
60.91

	
63.50

	
78.22

	
81.56

	
76.90




	
Industrial

	
52.42

	
64.19

	
100.87

	
102.40

	
104.59




	
Commercial

	
11.82

	
15.47

	
21.31

	
22.69

	
23.35




	
Transportation

	
6.63

	
9.37

	
13.30

	
13.27

	
14.73




	
Residential

	
2.31

	
3.12

	
3.40

	
2.46

	
2.50




	
Total

	
134.09

	
155.66

	
217.10

	
222.40

	
222.06
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Table 3. The definition of the three policy scenarios.
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Measures

	
Parameters

	
Loose Policy (LP) Scenario

	
Moderate Policy (MP) Scenario

	
Strict Policy (SP) Scenario






	
Energy Policies

	
Energy consumption

	
No more than 135 million tce by 2020

No more than 200 million tce by 2020

	
No more than 125 million tce by 2020

No more than 180 million tce by 2030

	
No more than 115 million tce by 2020

No more than 150 million tce by 2030




	
Energy structure

	
Maintain the structure in 2015, coal accounts for 38% of primary energy

	
Coal consumption achieves negative growth, accounting for less than 33% of primary energy; Natural gas consumption achieves 14%.

	
Coal consumption achieves negative growth, accounting for less than 28% of primary energy; natural gas consumption achieves 16%




	
Economic Measures

	
Environmental

tax

	
Levied from 2018 with a five-year increase of 20%; tax threshold is from reference [41]

	
Levied from 2018 with a five-year increase of 40%

	
Levied from 2018 with a five-year increase of 60%




	
Carbon tax

	
N/A

	
Levied at the threshold price of 30 CNY per ton of carbon dioxide by 2020, with an annual growth rate of 5%;

	
Levied at the threshold price of 40 CNY per ton of carbon dioxide by 2020, with an annual growth rate of 10%




	
Energy-saving Technologies

	
Electricity generation technologies

	
No restrictions

	
The installed capacity of wind power and photovoltaic power reach 1.4 million and 800,000 kilowatts, respectively

	
The installed capacities of wind and photovoltaic power generators reach 1.8 and 1.2 million KW, respectively




	
New energy vehicles

	
The proportion of new energy and clean energy buses will reach 50% by 2020

	
The proportion of new energy and clean energy buses will reach 50% by 2020, the proportion of new energy vehicles will reach 50% by 2030
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Table 4. The simulation results of energy consumption in Shanghai during the period 2015–2030 (unit: Mtce).
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	Scenario
	2015
	2020
	2025
	2030





	BAU
	1.20
	1.56
	1.82
	2.03



	LP
	1.17
	1.34
	1.64
	1.86



	MP
	1.14
	1.24
	1.49
	1.76



	SP
	1.09
	1.19
	1.39
	1.62
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Table 5. CO2 emissions under the different scenarios for different sectors (unit: Mt).
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Scenario

	
Year

	
Power Generation

	
Industrial

	
Comm-Ercial

	
Trans-Portation

	
Residen-Tial

	
Total






	
BAU

	
2020

	
145.79

	
127.59

	
38.21

	
28.71

	
9.02

	
349.32




	
2025

	
174.67

	
129.76

	
48.51

	
39.63

	
12.12

	
404.69




	
2030

	
204.82

	
136.39

	
57.97

	
49.82

	
16.32

	
465.32




	
LP

	
2020

	
114.21

	
121.61

	
26.33

	
21.23

	
6.5

	
289.88




	
2025

	
124.06

	
126.04

	
35.54

	
28.82

	
7.98

	
322.44




	
2030

	
140.77

	
124.29

	
44.98

	
40.28

	
9.65

	
359.97




	
MP

	
2020

	
96.55

	
110.08

	
26.06

	
20.61

	
5.27

	
258.57




	
2025

	
110.14

	
113

	
35.19

	
28.71

	
6.83

	
293.87




	
2030

	
109.08

	
111.28

	
44.53

	
39.82

	
7.98

	
312.69




	
SP

	
2020

	
66.91

	
108.8

	
25.2

	
20.4

	
4.81

	
226.12




	
2025

	
86.7

	
109.44

	
34.53

	
32.67

	
5.65

	
268.99




	
2030

	
75.44

	
106.3

	
35.27

	
29.55

	
6.79

	
253.35
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Table 6. Local air pollutants (LAPs) emissions under different scenarios for different sectors (unit: Kt).
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Pollutant

	
Sector

	
BAU

	
LP

	
MP

	
SP




	
2020

	
2025

	
2030

	
2020

	
2025

	
2030

	
2020

	
2025

	
2030

	
2020

	
2025

	
2030






	
SO2

	
Power generation

	
87.4

	
72.0

	
86.2

	
64.3

	
42.2

	
46.7

	
44.1

	
30.1

	
20.3

	
6.4

	
1.3

	
1.7




	
Industrial

	
79

	
75.9

	
72.6

	
55.6

	
53.1

	
52.5

	
53.5

	
53.1

	
52.1

	
53.4

	
52.7

	
51.6




	
Commercial

	
33.9

	
49.0

	
55.4

	
29.6

	
37.1

	
46.7

	
14.1

	
17.6

	
22.2

	
22.5

	
21.7

	
22.2




	
Transportation

	
13.4

	
13.6

	
15.2

	
10.2

	
11.3

	
12.1

	
6.0

	
5.4

	
4.0

	
8.1

	
2.4

	
2.0




	
Residential

	
17.4

	
23.6

	
29.7

	
9.5

	
8.6

	
5.8

	
0.5

	
0.7

	
0.8

	
0.5

	
0.7

	
0.8




	
Total

	
231.1

	
234.1

	
259.1

	
169.2

	
152.3

	
163.8

	
118.2

	
106.9

	
99.4

	
90.9

	
78.8

	
78.3




	
NOx

	
Power generation

	
91.7

	
124.5

	
105.7

	
61.0

	
46.2

	
33.1

	
42.0

	
44.8

	
17.6

	
17.7

	
20.5

	
15.6




	
Industrial

	
129.5

	
151.4

	
184

	
119.9

	
97.1

	
81.8

	
119.6

	
110.2

	
81.7

	
107.4

	
96.7

	
75.5




	
Commercial

	
37.9

	
43.9

	
51.7

	
28.2

	
33.0

	
41.9

	
14.9

	
21.3

	
32.4

	
11.3

	
19.6

	
22.4




	
Transportation

	
114.3

	
132.1

	
162.8

	
103.5

	
121.4

	
142.5

	
80.8

	
61.2

	
51.1

	
60.4

	
50.3

	
40.7




	
Residential

	
6.6

	
8.6

	
10.7

	
5.3

	
6.5

	
7.8

	
5.3

	
5.6

	
6.9

	
4.3

	
4.8

	
3.6




	
Total

	
380.0

	
460.5

	
514.9

	
317.9

	
304.2

	
307.1

	
262.6

	
243.1

	
189.7

	
201.1

	
191.9

	
157.8




	
PM10

	
Power generation

	
84.5

	
105.8

	
127.8

	
61.4

	
67.8

	
78.9

	
41.4

	
43.6

	
46

	
25.1

	
11.2

	
11.9




	
Industrial

	
81.4

	
53.3

	
52.2

	
60.8

	
39.7

	
39.5

	
67.7

	
45

	
44.8

	
67.7

	
44.9

	
44.7




	
Commercial

	
26.4

	
32.6

	
40.0

	
6.9

	
8.6

	
10.9

	
4.0

	
5.1

	
6.4

	
5.6

	
5.8

	
6.4




	
Transportation

	
30.6

	
50.7

	
70.9

	
30.2

	
47.1

	
64.2

	
20.1

	
14.1

	
10.2

	
19.3

	
10.2

	
8.4




	
Residential

	
23.6

	
44.9

	
56.1

	
20.7

	
3.09

	
4.11

	
1.03

	
1.54

	
1.45

	
0.97

	
1.32

	
1.11




	
Total

	
246.5

	
287.3

	
347.0

	
180.0

	
166.3

	
197.6

	
134.2

	
109.3

	
108.9

	
118.7

	
73.4

	
72.51




	
PM2.5

	
Power generation

	
24.1

	
30.4

	
36.8

	
17.4

	
18.8

	
21.8

	
11.6

	
12.2

	
12.5

	
11.4

	
9.4

	
8.6




	
Industrial

	
44.8

	
28.7

	
27.5

	
30.9

	
19.6

	
19.4

	
29.6

	
19.6

	
19.4

	
29.7

	
19.6

	
19.3




	
Commercial

	
15.6

	
16.2

	
17.1

	
9.6

	
12.1

	
15.2

	
9.8

	
12.2

	
15.4

	
9.7

	
12.2

	
15.4




	
Transportation

	
22.1

	
31.7

	
42.3

	
20.9

	
30.1

	
40.3

	
13.7

	
15.5

	
16.8

	
12

	
10.6

	
9.4




	
Residential

	
21.7

	
32.3

	
52.9

	
10.3

	
14.4

	
20.4

	
8.3

	
10.4

	
11.4

	
3.8

	
4.4

	
4.1




	
Total

	
128.3

	
139.3

	
176.6

	
89.1

	
95.0

	
117.1

	
73.0

	
69.9

	
75.5

	
66.6

	
56.2

	
56.8
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Table 7. The contribution rate of the energy-use sectors to emission reductions (unit: %).
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Gas

	
Year

	
Power Generation

	
Industrial

	
Commercial

	
Transportation

	
Residential






	
CO2

	
2020

	
53–64

	
10–19

	
10–19

	
7–12

	
3.4–4.2




	
2030

	
60–62

	
11–16

	
8–12

	
7–10

	
3.9–6.3




	
SO2

	
2020

	
37–57

	
18–37

	
6–17

	
3–6

	
12–14




	
2030

	
41–46

	
11–21

	
9–20

	
3–7

	
16–25




	
NOx

	
2020

	
41–49

	
8–15

	
14–19

	
17–30

	
1–2




	
2030

	
25–34

	
30–49

	
4–8

	
9–34

	
1




	
PM10

	
2020

	
34–49

	
11–30

	
17–29

	
0.6–10

	
4–12




	
2030

	
36–43

	
2–11

	
12–25

	
6–26

	
13–18




	
PM2.5

	
2020

	
17–22

	
25–35

	
9–15

	
3–17

	
24–29




	
2030

	
23–25

	
6–13

	
1.4–3

	
3–27

	
40–54
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